A genomic fragment containing the hemoglobin gene dmhb4 of Daphnia magna was cloned and its nucleotide sequence determined. Concerning induction under hypoxic conditions, dmhb4 was found to be expressed constitutively with similar mRNA quantities in D. magna bred in either normoxic or hypoxic medium. Southern blot analysis revealed at least six hemoglobin-like sequences in the genome of Daphnia magna.
The hypoxia-tolerant microcrustacean Daphnia magna utilizes an extracellular, multi-subunit hemoglobin (Hb) as a respiratory protein. During hypoxic incubation, the concentration of D. magna Hb increases strongly.
1) The Hb macromolecules of D. magna are expected to consist of 16 subunits each composed of two heme-binding domains.
2) Acclimation to hypoxia involves the synthesis of new Hb macromolecule species with a changed subunit composition causing the Hb oxygen affinity to rise.
e.g. 3, 4) The seven different Hb subunits (DmHbA to G) 5, 6) so far identified are encoded by several genes. On the level of genomic DNA, four Hb genes have been identified, constituting a cluster in the order dmhb4, dmhb3, dmhb1, and dmhb2 on a single chromosome. 5) Three of them have been sequenced completely (dmhb1-dmhb3), but for dmhb4, sequence information was only available for the 3 0 part of the gene.
5) Kimura et al. 5) determined 21 to 23 amino acids from the N-terminus of six different subunits (DmHbA to F). Heterogeneity is shown in the first amino acid, but only four different amino acid sequences have been found. The amino acid sequences for DmHbB and DmHbE as well as for DmHbA and DmHbD were identical. Hence it is still an open question whether DmHbE and DmHB as well as DmHbA and DmhbD are products of the same genes or products of different genes encoding the same N-terminal amino acid sequences. 5) Since only four genes have been identified, the following relationship between genes (dmhb) and products (DmHb) has been suggested: dmhb1-DmHbB/ DmHbE, dmhb2-DmHbF, and dmhb3-DmHbC. Due to the missing 5 0 sequence of dmhb4, the assignment of Hb genes to protein subunits has not yet been settled.
In order to elucidate the relationship between Hb genes and subunits in D. magna, we analyzed the nucleotide sequence of the dmhb4 gene containing the region encoding for the N-terminus. For PCR amplification of the dmhb4 gene, a specific downstream primer (5 0 -TCGCCGGAACGGAATGACGAGCCG-3 0 ) binding within the intergenic region between dmhb4 and dmhb3 was combined with a consensus primer (5 0 -GCC-CTYYTCYTCGGCRTMRTCGCC-3 0 ) binding to a conserved sequence within the signal peptide. The consensus primer has been designed on the basis of an alignment of the genomic sequences of dmhb1, dmhb2, and dmhb3. The signal peptide is located upstream of the N-terminal region and is cleaved from the Hb subunits before secretion into the hemolymph. 7) After DNA extraction, the PCR reaction was carried out with Triple Master Enzyme Mix (Eppendorf, Hamburg, Germany), which contained a proofreading enzyme. The 2.6 kb amplicon was cloned into pCR2.1 using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA). The flanking regions of four clones were partially sequenced. All of these clones carried inserts with sequences overlapping with the 3 0 sequence of dmhb4. Subsequently two of these clones were sequenced completely. An alignment of the deduced amino acid sequence from dmhb4 (GenBank accession no.: AY737794) with the already known sequences from D. magna reveals its very close relationship to these proteins (Fig. 1) . The identity between the amino acid sequence of dmhb4 and those of dmhb1, dmhb2, and dmhb3 was 91.8%, 81.0%, and 90.9% respectively. All amino acid sequences consist of two large repeated domains. By homology, each domain is expected to consist of eight globin-specific helices (A-H) with five regions forming the inter-helical corners and one additional helix termed the pre-A segment. 7, 8) y To whom correspondence should be adressed. Tel: +49-251-8321731; Fax: +49-251-8323876; E-mail: nunes@uni-muenster.de Abbreviations: dmhb, Daphnia magna hemoglobin; hb, hemoglobin Like the dmhb1, dmhb2, and dmhb3 deduced amino acid sequences, the amino acid sequence derived from dmhb4 shows all the characteristics of a heme-binding globin, being highly conservative among hemoglobins. 7, 8) Sequence heterogeneity occurs for example in regions, that probably build the so-called CD corners 7, 8) (Fig. 1) . High affinity globins such as neuroglobin, cytoglobin and rice hemoglobin exhibit a highly flexible CD region compared to globins with lower oxygen affinity. 9) A flexible CD/D region allows the helix E with the distal histidine to swing out of the oxygen binding pocket more easily. The heterogeneity of D. magna Hb sequences in the CD regions might cause differences in oxygen affinity between the subunits, and this fits into the picture of different oxygen affinities due to varying subunit shares in the multimer. 6, 10, 11) The derived Nterminal peptide of dmhb4 is identical to that of dmhb1 with cystein as first amino acid. 5) Until now it was possible to assume that the subunits DmHbB and DmHbE, which differ in pI and size in 2D gel electrophoreses, relate to the same gene, dmhb1. Taking the relationship between dmhb4 and DmHbB/DmHbE into consideration, however, it is likely that each of the two subunits is encoded by a separate gene, dmhb1 and dmhb4 respectively. Furthermore, there are no genes known, that encode for subunits with tryptophan as the initial amino acid (DmHbA, DmHbD), and in addition, DmHbG with a yet unknown peptide sequence does not have any gene assignment. Accordingly, the existence of more than four D. magna hemoglobin genes is probable.
To provide clues about the number of hemoglobin genes within the D. magna genome, southern blot analysis ) or Predicted from the Genomic Sequence (dmhb4; this work) by Assuming Its Homology with Those of the Other Hb Chains.
An alignment of dmhb1 to dmhb3 as well as the assignment of helix-forming regions (pre-A to H) and inter-helical regions (named e.g. AB, CD) have already been reported. 8) Gaps inserted to obtain maximum matching are denoted by hyphens. Identical amino acid residues are shadowed in black. Residues conserved in any two or any three sequences are shadowed in light gray and dark gray respectively. Residues strictly conserved among metazoan hemoglobins and important for heme binding are indicated by circles. All D. magna hemoglobins share very high sequence homology.
were performed. XhoI and AvaI (NEB) were chosen for restriction, because restriction sites for these enzymes occur in all four known Hb sequences at the same position within the coding sequence, indicating a highly conservative region likely to be found in all hemoglobin genes. Detection of Hb gene fragments was done using a DIG labelled dmhb3 fragment as a probe. Six distinct bands were detected, providing evidence for at least six hemoglobin gene-like sequences within the D. magna genome (Fig. 2) . The Hb subunits DmHbA and DmHbD start at the N-terminus with a tryptophan. We tried to isolate the related genes using consensus primers for sequences of the signal peptide and the C-terminal conserved region, but we failed to detect tryptophanrelated cDNA or genomic sequences (unpublished data). This might be due to variations between different signal peptides or to the C-terminal region.
To check further the functionality and the oxygendependent inducibility of dmhb4, the expression of this gene was analyzed under two oxygen conditions, as described previously, using -actin as an internal control. 10) Both transcripts were amplified using a logphase RT-PCR approach (21 cycles). The quantities of the -actin and dmhb4 amplicons were comparable in Hb-poor (pale) and Hb-rich (red) animals which had been acclimated to normoxic and hypoxic conditions (100 vs. 15% air saturation) respectively (Fig. 3A) . A similar constitutional expression pattern has been shown for dmhb1 derived transcripts, whereas dmhb2 and dmhb3 expression rates increased markedly in red animals.
10) The constitutive expression of dmhb1 and dmhb4 fits the expression of DmHbB/DmHbE on the protein level.
10) The dmhb4 amplification product can be completely digested with PstI. Since a PstI restriction site is found only in the dmhb4 sequence, and not in dmhb1, dmhb2, or dmhb3, transcripts from the latter genes were not detected in this analysis (Fig. 3B) . To check finally that the cDNA amplified in this experiment derives from dmhb4, a PstI/EagI fragment of the dmhb4 cDNA was cloned into pBluescript (Stratagene, La Jolla, CA). Sequencing of this fragment confirmed its origin from dmhb4. Proving dmhb4 expression excludes the possibility that dmhb4 is a pseudogene and supports the results from the sequence and Southern blot analysis, which provide evidence for more than four functional hemoglobin genes in Daphnia magna. It is likely that each of the seven Hb subunits (A to G) is encoded by a single gene. This would fit the result that the quantity of Hb subunits from the haemolymph varies independently from each other under different oxygen conditions. 6, 10, 11) A, All known dmhb genes possess a XhoI and an AvaI restriction site at the same position within the coding region (boxed restriction sites). This short sequence is likely a conserved feature of dmhb genes. B, In both XhoI and AvaI digested genomic DNA, six distinct bands occur after hybridization with a DIG-labelled dmhb3 probe (dark gray box).
Hb gene expression is regulated on the transcriptional level in D. magna. 7, 10) Against the background of frequently observable gene duplication events within the hemoglobin gene family, [12] [13] [14] [15] the best way for an independent regulation on a transcriptional level is to use separate genes for each subunit.
